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CHAPTER I
INTRODUCTION

1.1

Project motivation
Fisher-Tropsch synthesis (FTs) is a surface catalyzed process that converts syngas

(a mixture of CO and H2) to hydrocarbons with a wide range of carbon number and
functionality. The world’s increasing energy demand, and the depletion of crude oil has
stimulated the great interest in Fischer-Tropsch synthesis, which is a key step in the
transformation of various non-petroleum carbon resources such as natural gas, coal, and
biomass into clean hydrocarbon fuels as well as valuable chemicals [1]. The development
of novel catalysts with high activity and selectivity is essential to improve Fischer–
Tropsch processes. Supported cobalt is the preferred catalyst for the Fischer–Tropsch
synthesis of long-chain paraffins from syngas because of its high activity and selectivity,
low water–gas shift activity, and comparatively low price [6].
Ordered porous materials have recently received much attention due to their many
applications in separation, catalyst, catalyst support, and photonic crystals [2,3]. The
novelty of this research project is the synthesis of ordered macro- and meso- porous
materials as FTs catalysts or catalyst support. Also, the feasibility for the FTs process to
synthesis hydrocarbons with high selectivity in C4+ hydrocarbons and low selectivity in
CO2 or CH4 carbon was investigated.
1

1.2

Objectives
The main research objective was to synthesis and characterize three-

dimensionally ordered macroporous (3DOM) materials (such as 3DOM Fe/Co catalyst,
3DOMAl2O3 supported Co catalyst) and mesoporous silica materials (SBA-15), and to
investigate their use as novel catalyst or catalyst support for FTs. Non-supported three
dimensional ordered macroporous Fe/Co bimetallic catalyst were synthesized with
different Fe/Co ratios. Cobalt supported on three dimensional ordered macroprous Al2O3
and 2D ordered SBA-15 were also be prepared. The synthesized catalyst support and
catalysts were analyzed through extensive characterization methods such as N2 physical
adsorption-desorption, H2 temperature programed reduction (H2-TPR), X-ray diffraction
(XRD) , scanning electron microscope (SEM) and transmission electron
microscope(TEM). Fischer-Tropsch synthesis was conducted to evaluate the catalytic
performance of the as-prepared catalysts.

2

CHAPTER II
LITERATURE REVIEW

2.1

Introduction of Fischer-Tropsch synthesis brief history of FTs
Fisher-Tropsch synthesis was first reported in the 1920s by Hans Fischer and

Franz Tropsch [4]. Since then, several plants were set up. In April 1936, the first largescale FT plant operated in Braunkohle-Benzin. The Fischer-Tropsch process was
developed and used extensively in Germany during WWII when it was restricted with
petroleum-oil access from oil-rich countries. Likewise, in South Africa, FTs also has
been used to sustain their economy during oil embargos [5]. The FTs caused less attention
because of the very low oil prize in 1970s. However, since 1980s, there is resurrection of
interest in FTs both for industry and academic community because of the concerning of
depletion of crude oil and environmental problems. Synthetic liquid fuels generally have
a very low content of sulfur and aromatic compounds compared to gasoline or diesel
from crude oil [6]. FTs has been considered as an important part of gas to liquids (GTL)
technology, which converts natural and associated gases to more valuable middle
distillates and lubricants [7]. Current plants in operation or under construction are shown
in Table 2.1 [8].

3

Table 2.1

FTs plants either in operation or under construction to the year of 2011 ([8])

Company

Country

Capacity/barrels per
day

Raw
material

Status

Catalyst type

South
Africa
China
Australia

150,000

coal

In operation

Fe/K

2 × 80,000
30,000

coal
natual gas

–―
–―

Nigeria

34,000

natual gas

Qatar
Malaysia

34,000
14,700

natual gas
natual gas

Abandoned
Study
Under
construction
In operation
In operation

Qatar

140,000

In operation

75,000
70,000
75,000
75,000
75,000
300

biomass

Study
Abandoned
Study
Study
Study
In operation

22,500

natual gas

In operation

Fe/K

EniTechnologie

Indonesia
Iran
Egypt
Argentina
Australia
Germany
South
Africa
Italy

Co/Al2O3
Co/SiO2
Proprietary Cobased
–―
–―
–―
–―
–―
–―

20

natual gas

In operation

BP

USA

300

natual gas

In operation

Rentech

USA

1,000

natual gas

In operation

–―
Proprietary Cobased
Proprietary Febased

South
Africa

10,000

Bolivia

10,000

Sasol

Shell

Shell Choren
Mossgas

Study

–―

–―

Rentech pertamina Indonesia
syntroleum
USA

15,000
70

natual gas
natual gas

Australia

11,500

natual gas

Chile
Peru

10,000
5,000

natual gas
natual gas

Under
construction
Study
Closed
Under
construction
Study
Study

USA

5,000

biomass

In operation

Proprietary catalyst

Russia

13,500

natual gas

Study

–―

Bolivia
Bolivia
Qatar
Qatar
USA

13,500
90,000
90,000
60,000
400

natual gas

–―
–―
–―
Proprietary catalyst

Germany

–―

Study
Study
Abandoned
In operation
In operation
Under
construction

syntrol-Tyson
Foods
Gazprom
syntroleum
Repsol-YPF
Syntroleum
ExxonMobil
Conoco
Bioliq

natual gas
natual gas
biomass

4

–―
–―
–―
–―
–―
–―

–―

The FTs generally proceeds with the following reactions [9]:
(2n+1)H2 + nCO  CnH2n+2 + nH2O

(2.1)

2nH2 + nCO  CnH2n + nH2O

(2.2)

Both reactions are strongly exothermic. ΔH = −165 kJ/mol. Besides the formation
of alkanes and alkenes, oxygenates may also be formed. The water-gas-shift reaction
[equation (2.3)] also occurs in FTs, which is a side reaction undesirable most of the time.
CO + H2O  CO2 + H2

(2.3)

The FTs is usually considered as a polymerization process of CHx monomers that
formed by hydrogenation of absorbed CO. Figure 2 1 showed possible mechanisms for
chain grows in FTs and some potential secondary reactions [10].

Figure 2.1

Chain growth parthways and possible secondary reactions of olefins in the
FTs [10]

The FT reaction is operated at high pressure (commonly P=20-45 bar) and there
are currently two operating modes [11]: a high-temperature FT (HTFT) in the range of
5

300-350 °C and low-temperature FT (LTFT) in the range of 200-240 °C. In HTFT
process, syngas reacts in the presents of Fe-catalyzed to produce C1-C15 hydrocarbons
together with lower olefins, oxygenates et al. For LTFT, both Fe and Co can be utilized
and the main products are high molecular mass paraffin and linear products.
The two reactors used commercially for LTFT are the slurry bubble column reactor and
the multi-tubular fixed bed reactor as shown in Figure 1-2 [12].

Figure 2.2

Technically established reactors for Fischer-Tropsch synthesis (left:
multitubular fixed bed reactor, right: slurry bubble column reactor) [12].

In industrial applications, fixed-bed reactors are operated by Shell while slurry
reactors are mainly used by Sasol. The main advantages and disadvantages of these two
established reactor technologies were shown in Table 2.2 [13].

6

Table 2.2

Comparison of advantages and disadvantages for slurry bubble column and
multitubular fixed bed reactors [13]

Temperature control
Pressure drop
Product-catalyst separation
Table 2.2 (Continued)

Slurry bubble
column
+
+
-

Multi-tubular fixed
bed
+

+
+
+

+
+
-

Intra-pellet diffusion limitations
Attrition
Catalyst replacement
Scale-up
Reactor Size

The slurry reactors have advantages in temperature control, no pressure drop
problem, less intra-pellet diffusion limitations, and easier catalyst replacement; while the
fixed bed reactors have advantages in product-catalyst separation, no attrition problem,
and easier to scale-up by using multi-tubular reactors. The reactor used in our project is
fixed bed reactor, for its relative small reactor size making it more flexible for lab-scale
use. Besides, with small amount of catalyst used, the pressure drop observed is
negligible.
2.2

Mechanism of FTs
Although the Fischer-Tropsch process is gaining increasing practical interest and

has been commercialized for over 70 years, details of the reaction mechanism, such as the
detailed sequence of C-O bond scission and C-C bond formation steps, of FTs are still not
clear until today [14]. Independently of the pathway, FTs is generally considered a
polymerization process which three main steps can be distinguished: chain initiation,
chain growth and termination-desorption [15,16]. The most commonly considered
7

mechanisms can be divided into two dominant conflict groups [14,17]: the carbide
mechanism, and the CO insertion mechanism. The carbide mechanism involves cleavage
of the C-O bond of CO before incorporation of a CHx species into the growing
hydrocarbon chain, while the CO insertion mechanism involves cleavage of the C-O
bond of CO after incorporation into the growing hydrocarbon chain. In further details as
described by van Santen et al [18]: In the carbide mechanism the generation of a CHx
intermediate initiates the overall reaction, where the CHx intermediate is formed by
dissociation of the C-O bond of adsorbed CO. In contrast according to the CO insertion
mechanism chain growth occurs in two separate steps. After the initial dissociation of a
CO molecule, another CO inserts into the CHx species that has been generated. Then the
C-O bond of the inserted CO cleaves and an initial C2Hy species is generated. Further
chain growth occurs by consecutive insertion steps of CO into adsorbed hydrocarbon
fragments followed by C-O bond cleavage. [18] There is no full agreement about the ratelimiting step and pathways for CO dissociation. Possibly it varies depending on the
catalyst composition or structure. Also, it is very difficult to distinguish between the two
options experimentally through kinetics experiments [17].
2.3

Product distribution of FTs
The FTs product distribution covers a large spectrum of compounds: mainly

linear hydrocarbons (α-olefins and n-paraffins) and to a smaller extent oxygenates and
branched products. Because of the polymerization mechanism of FTs, the products
generally follow a statistical hydrocarbon distribution, which is known as AndersonSchulz-Flory (ASF) distribution with a single chain growth probability (α) [19]. The chain
growth probability (α) is determined by the rates of chain growth (Rp) and chain
8

termination (Rt), and is expressed by α = Rp/(Rp + Rt), which is independent of carbon
chain length. In ASF distribution, ideally, the molecular weight fraction (Mn) of the
hydrocarbon product with a carbon number of n can be described as function of the
chain-growth probability as follows:
Mn= (1-α) αn-1

(2.4)

That means the product selectivity is determined by α in an ideal case. In Figure 1.3 [20],
the product distribution is plotted against α, assuming only hydrocarbon production. A
small α value leads to lighter (C1-C4) hydrocarbons, while larger α value results in the
formation of heavier (C21+) hydrocarbons. The maximum straight-run diesel (C10-C20)
fraction yield achievable corresponds to about 40%.

Figure 2.3

Product distribution in FTs as a function of the chain growth probability (α)
[20]
.

It is desired to increase the selectivity to C5+ hydrocarbons and to decrease those
to CH4 and C2-C4 paraffins, in order to produce high-quality liquid fuels such as gasoline,
jet fuel and diesel fuel by further refining the FT process products [21,22]. Many
9

researchers put great effort on designing of novel FT catalysts with high selectivity to a
desired range of hydrocarbons.
2.4

Catalyst for FTs
It is known that all group Ⅷ metals are active for FTs, among which Ni Fe Co Ru

are the most active metals for the hydrogenation of carbon monoxide. Nickel catalyst is
very active for hydrogenation to product too much methane. Ru is very active for FTs and
can produce long-chain hydrocarbons under low temperature. However, it is one kind of
noble metal which makes it only suitable for scientific research other than commercial
use. That leaves Fe Co be the most suitable catalyst for FTs for industrial purpose. Ion
and cobalt catalyst are briefly compared in Table 1.3 [6].
Table 2.3

Comparison of cobalt and ion FT catalysts [6]

parameter
cost
lifetime
activity at low
conversion
productivity at high
conversion

cobalt catalyst
more expensive
resistant to deactivation

iron catalyst
less expensive
less resistant to deactivation

comparable
higher, less significant effect of
water on the rate of carbon
monoxide conversion

maximal chain growth
0.94
probability
water gas shift reaction not very significant; more
CO + H2O-->CO2 + H2 noticeable at high conversion
maximal sulfur content <0.1 ppm
less flexible; significant influence
flexibility(temperature
of temperature and pressure on
and pressure)
hydrocarbon selectivity
H2/CO ratio
~2
attrition resistance
good

10

lower, strong negative effect of
water on the rate of carbon
monoxied conversion
0.95
significant
<0.2 ppm
flexible; methane selectivity is
relatively low even at 613 K
0.5-2.5
not very resistant

Ion is much less expensive than cobalt, while less active and lower C5+ long chain
hydrocarbon products selectivity than cobalt. Moreover, ion is more active for the watergas-shift (WGS) reaction, one of the side reactions in FTs, this, however, could be a
benefit when using H2/CO≈1 biomass derived syngas; while cobalt is much less active
for WGS reaction and more resistant to deactivation. Thus, cobalt catalysts become of
great interest as to be considered the optimal choice for the synthesis of long-chained
hydrocarbons from syngas with H2/CO ratio≈2 [10]. The following chapter will provide a
more detailed review on the development of Co-based FT catalysts.
2.5

Cobalt catalyst in FTs
Since Co is much expensive, catalyst supports are usually used to disperse Co in

order to maximize the utility of Co. There is consensus among researchers that metallic
Co phase plays the active site for FTs [6], therefore to maximize the number of metallic
Co can lead to high FTs reactivity. There are several factors that will affect the number of
metallic Co: the Co dispersion, the extent of Co reduction. Particle size of cobalt also has
significant effect on catalyst activity and selectivity. Many researches focus on
preparation method of Co catalyst by developing and modifying novel support, optimize
preparation condition such as pH value of precursor solution, calcination temperature,
adding promoters, nature of cobalt precursor salt et al.
2.5.1

Active sites in Co-based catalysts for FTs
Regarding Co is generally accepted that the metallic nanoparticles are the active

phases [3,23]. Cobalt can exist in different crystalline forms, including α-Co (hcp) and βCo (fcc), and the former being more stable at lower temperatures than the latter for bulk
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cobalt. However, cobalt crystallites with a particle size less than 20 nm are stable as pure
fcc phase [24]. Many studies made effort to elucidate the activity and stability of the two
crystallite phases of cobalt under realistic FT conditions. Several studies showed that the
hcp-phase Co is more active for FTs than fcc-phase. Ducreux et al. [25] showed that for
catalytic tests carried out using similar FT conditions (i.e., maintaining the same support,
promoters, and particle size), the presence of a majority of Co particles having hcp
stacking was beneficial to CO conversion, whereas increasing the fraction of particles
with Co fcc stacking was detrimental to catalytic activity. The hcp and fcc Co were
obtained by using different catalyst pretreatments: a sequential reduction-carburizationreduction procedure at moderate temperatures and atmospheric pressure was carried out
to get hcp phase Co, while the more stable fcc phase of cobalt was obtained by reducing
the catalyst at 623 K and atmospheric pressure. A recent in-situ XRD investigation by
Karaca et al. [26] also found that the cobalt hcp phase was more favorable for FT synthesis
than cobalt fcc. The composition of crystalline phase of cobalt catalyst is affected by the
chemical nature of support. There have been reports suggesting that cobalt preferentially
forms the fcc phase over SiO2, while the hcp structure is detected over alumina supported
cobalt catalysts [27]. Likewise, zirconia was found to promote poorly crystalline hexagonal
metallic cobalt [28]. However, studies on used cobalt/alumina catalysts after FT synthesis
have found higher fractions of fcc cobalt relative to the hcp phase. Therefore, the stability
of hcp cobalt with crystallographic defects under realistic FT synthesis conditions is
under debate. Gnanamani et al [29] recently studied the activity and stability of metallic
phases of silica supported cobalt catalyst. The catalyst containing the hcp metallic phase
showed a higher dispersion of Co compared to the fcc phase. Cobalt containing hcp
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metallic phase has shown higher CO conversion on a catalyst weight basis and less
methane selectivity compared to fcc containing catalysts under similar reaction
conditions. Both hcp and fcc phases of cobalt are stable during the FTs as evidenced by
XRD characterization of the fresh and spent catalyst. In short, recent studies suggest that
hcp-phase Co is more active than the fcc-phase Co. However, the differences in the
product selectivity between the fcc- and hcp-phase Co is not significant [30].
2.5.2

Co particle size effect
The size of the active phase is one of the most important factors determining the

catalytic behaviors of a heterogeneous catalyst. Measuring the particle size of Co0
nanoparticles via XRD presents several experimental challenges, as these particles are
generally rapidly reoxidised to CoO or Co3O4 when exposed to air. Estimating the
expected cobalt metal size from the easily measured oxide phase is therefore a frequently
used approximation [31]. Significant advances have been made in elucidating the effect of
size of active phase for cobalt FT catalyst recent years. FTs was once considered as a
structure-insensitive reaction as reported by Iglesia [10]. In this classic literature, one of
which been cited most by researchers, Iglesia found that the surface-specific activity,
often referred to as turnover frequency (TOF) was independent of the Co particle size
loaded on different metal oxides in a Co-size range of 9-200 nm. Co particles usually
have strong interaction with oxide support [32], and the interaction become even stronger
when particle size is small, and hardly reduced Co-support species can be formed, which
makes the study of size effect quite difficult [33]. The work by Bezemer et al[34, 35] has
made significant progress on broadening the range of particle size effect of Co FT
catalysts. Bezemer and co-workers [34] prepared Co catalyst supported on inert carbon
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nanofiber with Co particle size in the range of 2.6-27 nm, and X-ray absorption
spectroscopy results revealed that the cobalt was metallic even for small particle sizes
after in-situ reduction treatment. They found that the turnover frequency (TOF) for CO
hydrogenation increased with Co size up to 6 nm (1 bar) or 8 nm (35 bar) and then was
independent of cobalt particle size for catalysts with sizes larger. The selectivity also
changed for catalysts with smaller particles. The selectivity to CH4 was higher with
smaller Co particles, while the C5+ selectivity decreased from 85 to 51 wt % at 35 bar
when the cobalt particle size was reduced from 16 to 2.6 nm, and the decrease became
significantly when Co is smaller than 8 nm. Thus, they pointed out the Co-catalyzed FTs
is a structure-sensitive reaction in the cobalt size range of <10 nm.
The work by Bezemer and co-workers raised great activity in the research field of
Co-size effect for FTs. Many publications discussed the cobalt particle size effect for
FTs. Prieto et al [36] reported Co particle size effect on FTs over Co/ITQ-2 zeolite [37]
model catalyst prepared by combining reverse micelles containing cobalt in the core with
a surface-silylated ITQ-2 delaminated zeolite. They found that under realistic FTs
conditions (493 K, 2.0 MPa) the TOF increases from 1.2 ×10-3 to 8.6 ×10-3 s-1 when
d(Co0) is increased from 5.6 to 10.4 nm, and then it remains constant up to a particle size
of 141 nm; the C5+ selectivity changed only slightly from 68.8% to 61.6% with increasing
Co particle size from 5.6 to 10.4 nm. Borg [38] carried out a detailed study on the
influence of cobalt particle size in the range of 3 to 18 nm on the FTs intrinsic activity
and product distribution over 26 alumina (γ-Al2O3 and α-Al2O3) supported catalysts. A
volcano-like curve was obtained for the γ-Al2O3 based catalysts when the C5+ selectivity
was plotted as a function of the particle size with the maximum selectivity located at 7-8
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nm. Interestingly, the C5+ selectivity of the α-Al2O3 based catalysts was higher than the
selectivity of the γ-Al2O3 based catalysts at all particle sizes. However, no relation was
observed between the cobalt particle size and the cobalt site-time yield. Trépanier et al [39]
studied the particle size effect through CNT supported Co catalyst prepared by the core
reverse micelle reactions with cobalt particles of various sizes (3-10 nm). The FTs
reaction rate increases from 0.36 to 0.44 g HC/gcat./h and the C5+ selectivity increases
from 89 to 92.5 wt% with increasing the average cobalt particle size from 2-3 to 9-10 nm,
respectively. Fischer et al [40] investigated the particle size effect of Co/Al2O3 catalyst
prepared by their newly developed reverse micelle based preparation technique [41].
Cobalt crystallite size 2-10 nm was studied, with increasing crystallite size, the surface
specific activity (TOF) increases without reaching a maximum/leveling off in the studied
crystallite size range. The methane selectivity increases with decreasing crystallite size in
parallel with a decrease of C5+ hydrocarbons and independently of the time on stream.
Richard et al [42] also showed that the apparent turnover frequency increased linearly with
Co0 particle size up to 9.8 nm, the largest size tested.
Other than the above reported work which demonstrates similar particle size
effects, Wang et al used Co/SiO2 model catalyst prepared by depositing cobalt on silica
films in ultrahigh vacuum conditions [43] to study the particle size effect of Co catalyst in
the range of 1.4-10.5 nm in FTs [44]. Kinetic data and post-reaction XPS spectra showed
that for the small Co particles (1.4-2.5 nm), the Co surface was readily oxidized by water
vapor, while for the relatively large Co particles (3.5-10.5 nm), such oxidation was not
evident. The oxidation for the small Co particles leads to lower TOF and higher CH4
selectivity, while both reactivity and selectivity were relatively constant for the relatively
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large Co particles. They considered the lack of intrinsic particle size effect for the
metallic Co particles in the range of 3.5-10.5 nm is consistent with structure insensitivity
in FT synthesis which is different from the views of other researchers aforementioned.
The exact origin of these observed size effects is still under debate. Three main
effects have been proposed [40]:
1. Structural effect: At different metal crystallite sizes different surface sites
are exposed leading to different activity and selectivity.
2. Electronic effect: At different crystallite sizes the activation energy for the
dissociation of hydrogen is favored over that of carbon monoxide resulting
in changes in selectivity.
3. Oxidation effect: Smaller crystallites are easily re-oxidized under FischerTropsch conditions leading to changes in activity due to a loss in active
material.
2.5.3

Effect of Support for Co catalyst
The catalyst support should have high specific surface area in order to achieve

high dispersion of the active phase, good mechanical and hydrothermal resistance and
additionally, high chemical inertness in order to reduce the fraction formation of hardly
reducible cobalt-support interaction species during the thermal treatment steps. On the
contrary, the use of the inert oxide like silica generally leads to a good reducibility but to
an easy sintering of the Co metal. Therefore a compromise between the cobalt dispersion
and the percentage of metallic cobalt should be considered [9].
Oxides with high surface area, particularly, Al2O3, SiO2, and to some less extent
TiO2 are mostly used for Co catalyst support. The effects of supports on cobalt catalytic
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behavior are complicated, and have been focused in a large number of reports. Reuel and
Bartholomew [45,46] reported that under low pressure(0.1 MPa) and low CO
conversion(10%), the specific activity of cobalt catalyst (3 wt% Co loading ) for CO
hydrogenation decreased in the order of Co/MgO < Co/C < Co/Al2O3 < Co/SiO2 <
Co/TiO2. The FTs may be sensitive to support materials under the studied reaction
conditions. Iglesia et al [47,48] found that under relative high pressure (P>0.5 MPa) and
high CO conversion (~60%), the turnover frequency (TOF) for CO conversion was
independent of Co dispersion and support identity in a dispersion range of 0.01-0.02 by
comparing catalyst activity supported on SiO2, Al2O3, TiO2, and other composite metal
oxides. Using TPR, H2 chemisorption combined with reoxidation measurement
techniques, Jacobs and co-workers [32] observed significant support interactions on the
reduction of cobalt oxide species in the order Al2O3 > TiO2 > SiO2. The physicochemical
properties of supports including surface area, pore diameter, pore volume and metalsupport interaction have a great effect on the size, dispersion and catalytic performance of
cobalt catalysts. Storsæter [49] et al reported a detailed study for the influence of the
different supports on the shape, appearance, and size of cobalt particles. They found that
on both γ-alumina and silica, Co3O4 appeared in clusters, with larger clusters for the silica
support, which has a larger average pore diameter. However, on TiO2, Co3O4 existed as
single crystals, as it also did on α-alumina with large average pore diameter. Thus the size
of Co3O4 agglomerates probably increases with increasing pore size up to a certain pore
size, beyond which no agglomeration will occur [49].
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2.5.3.1

Silica-supported catalyst
For silica-supported catalysts, interaction between support and cobalt is relatively

weak, which usually leads to better cobalt reducibility. At the same time, cobalt
dispersion is much lower in silica-supported catalysts than in alumina-supported ones.
Thus, high cobalt dispersion is the major challenge in the design of silica-based FT
catalysts [6]. Recently, chelating method was extensively investigated by Koizum group in
Co/SiO2 to increase the Co dispersion and so as to increase the activity [50-54]. Mochizuk
[50]

et al. reported Co/SiO2 catalysts were prepared by the incipient wetness method using

the aqueous Co nitrate solution modified with various organic acids and/or chelating
agents. They found the catalyst modified with some organic acids and chelating agents
improved the dispersion of Co over the reduced catalyst, leading to the higher FTS
activity. Especially, catalyst modified nitrilotriacetic acid (NTA) showed FTs activity ca.
3 times higher than the catalyst without additives under mild reaction conditions (503 K,
1.1 MPa). They also found the complex formation constant of the organic acids and/or
chelating agents was crucial to the FTS activity of reduced Co/SiO2 catalyst. The
maximum CO conversion could be obtained with the catalyst prepared with the chelating
agent having an intermediate complex formation constant, i.e. NTA.
2.5.3.2

Alumina-supported catalyst
Al2O3 has been one of the mostly used supports for cobalt FT catalysts. Cobalt

oxide strongly interacts with this support, forming relatively small cobalt crystallites with
high dispersion. Compared to silica-supported cobalt catalysts which is often be
concerned about low dispersion, cobalt reducibility is one of the most important problems
of alumina-supported cobalt FT catalysts. Promotion with noble metals can effectively
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improve cobalt reducibility (see section 2.2.5). Borg et al [55] take a systematic study of
the effect of γ-Al2O3 support variables (pore size, impurities Na K et al) for
0.5Re20Co/Al2O3 on FTs activity and selectivity carried out at industrially relevant
conditions (T = 483 K, P = 20 bar, H2/CO = 2.1). The results showed that the size of the
Co3O4 cobalt particles was controlled by the support pore size, with small particles
formed in narrow pores and large particles formed in wide pores. The degree of reduction
increased with increasing catalyst pore size and Co3O4 particle size. The small amount of
sodium (20-113 ppm) has a negative correlation with the site-time with increasing
sodium content. Positive effects were found between cobalt particle size (>10 nm) and
C5+ selectivity and between pore size and C5+ selectivity. The effect of Al2O3 morphology
was studied by Martinez et al [56] and Liu et al [57]. Hierarchical macro-mesoporous
nanofibrous γ-alumina (Al2O3-nf) was compared with four commercial aluminas (Sasol,
mean pore size ranging from 6.0 to 32.4 nm as support for RuCo catalyst with loading
levels (20 wt% Co-0.5 wt% Ru and 30 wt% Co-1.0 wt% Ru). Nanofibrous alumina
displayed the highest specific surface area (321 m2/g) and the largest macroporosity, and
RuCo/Al2O3-nf catalysts bearing both the highest metal dispersion and macroporosity
were obtained. With this result, they concluded that Co dispersion is mainly driven by
support surface area rather than by pore size. Liu et al prepared Co/Al2O3 catalyst with
different Al2O3 nanomorphologies: nanorods, nanofibers, hybrids, and particles. It is
found that the alumina nanorods supported Co catalysts showed the best dispersion and
highest Co initial conversion, while the alumina nanofibers supported catalysts exhibited
higher stability and lower methane selectivity for FTs. Catalyst supported on alumina
with novel structure was newly studied by Tsubaki group. They reported [58] a Co-Al2O3
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hollow-sphere catalyst prepared by a two-pot route including hydrothermal carbonization
and wet impregnation. This catalyst can efficiently utilize the catalyst active sites and
simultaneously enhance target hydrocarbon selectivity in FTS. The hollow structure
provided a so-called “buffer-pot” effect, where feed gas and preliminary product from the
shell could mix completely at a low flow rate. Heavy hydrocarbons were further
confined, leading to enhanced formation of lighter C5-C11 components, which more
readily escaped out through the mesoporous shell, which thus played a “filter” role.
Recently, other kind of cobalt catalyst support such as SiC[59-67], hybrid[68-73] and
hierarchical[74-84] catalyst support are also under great research activity. Readers who are
interested may refer to the literature.
One main purpose for developing novel FT catalysts is to get high C5+ selectivity
as well as high CO conversion activity. On the other hand, as compared with the
conventional two-stage process which includes the production of long-chain paraffins
(waxes) and then subjecting the waxes to downstream (hydro)-cracking and/or
(hydro)isomerization steps [85], the direct production of high-quality liquid fuels from
syngas without refining stage would be more energy- and cost-efficient, and could
increase the competitiveness of FT technology for the production of liquid fuels.
2.5.4

Effect of Co precursor
The nature of the cobalt precursor can have an influence on the reducibility of

cobalt and on its activity and selectivity. Thus, for 5% Co/SiO2 catalysts, Niemelä et al
[86]

reported the following order for FTs activity: exCo2(CO)8 > exCo(NO3)2 >

exCo(CH3COO)2 and in chain growth probability: exCo(NO3)2 > exCo2(CO)8 >
exCo(CH3COO)2. Cobalt (II) nitrate is thus considered to be an optimum precursor for
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high activity and long chain hydrocarbons formation. Synergy effect was found when
using cobalt nitrate and cobalt acetate mixed cobalt precursor salts. Sun et al [87] reported
Co/SiO2 catalysts prepared by mixed impregnation of cobalt(II) nitrate and cobalt(II)
acetate displayed higher activity than the catalysts prepared from either mono-precursor
at mild reaction conditions (1MPa, 513 K) of FTs. Catalyst prepared by mixed
impregnation method leads to highly dispersed cobalt metal. Since Co acetate is known to
form highly dispersed Co oxide species which is hard to be reduced by H2, the high
activity induced by co-impregnation is interesting. However the detailed mechanism is
still unclear. Wang [88] reported that the use of an ethanol solution of Co(CH3COO)2 or an
acetone solution of (CH3COCHCOCH3)2Co for Co/SBA-15 catalyst provides amorphous
Co3O4 even at loading as high as 20 mass% Co. Ohtsuka et al [89] studied the effect of Co
precursor on SBA-15 supported Co catalyst. Co acetate, nitrate, or an equimolar mixture
of these compounds were used as cobalt precursors, denoted as Co(20A), Co(20N), or
Co(10A+10N), respectively. They found the Co(20A) is almost inactive in FT synthesis,
whereas the Co(20N) and Co(10A+10N) drastically enhance CO conversion, which
reaches 85-90%. Overall, cobalt nitrate is a good candidate as Co species for Co-based
FTs catalyst when using SiO2 or Al2O3 as catalyst support.
2.5.5

Effect of support pore size
The pore size effect of silica supported Co catalyst has been widely studied. Saib

et al [90] investigate five kinds of commercial silica support with different pore sizes (2, 4,
6, 10, 15 nm) and showed that the Co catalyst supported on silica with an average pore
diameter of 10 nm was most active and selective for hydrocarbons. Song and Li [91] also
reported similar results for a series of cobalt catalysts supported on silica with different
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pore sizes. CO conversion first increased and then decreased with increasing catalyst pore
size. The C5+ selectivity had a trend similar to CO conversion. The catalysts with a pore
size of 6-10 nm displayed higher Fischer-Tropsch activity and higher C5+ selectivity.
Several studies have reported the effect of pore size on Co/SBA-15 FT catalysts.
Ohtsuka group [92] studied mesoporous molecular sieves (MCM-41 and SBA-15) with
different pore diameters as support for Co FT catalysts. When four kinds of 20%
Co/SBA-15 with the diameters of 3.5-13 nm, prepared by the impregnation method using
an ethanol solution of Co acetate, are used in FT synthesis at 523 K, the catalyst with the
diameter of 8.3 nm shows the largest CO conversion, which is higher than those over
MCM-41 supported Co catalysts. Catalyst characterization after FT synthesis strongly
suggests the high stability of the most effective Co/SBA-15 in the dispersion and
reducibility of the oxide species and in the mesoporous structure.
Khodakov group performed a more detailed study on pore size effects for
different mesoporous silica supports over cobalt catalysts on FTs rates and selectivities
[93]

. FT reaction rates were found much higher on cobalt catalysts with the pore diameter

exceeding 3 nm than on the narrow pore catalysts. A larger diameter of catalyst pores
also led to significantly higher C5+ selectivity. The size of supported cobalt species
strongly depended on the pore size, increasing with increases in catalyst pore diameter.
Larger particle size had higher extent of overall reduction of cobalt species in wide pore
supports. Lower reducibility of small cobalt particles is likely to be one of the reasons
responsible for the lower FT reaction rates and higher methane selectivity on narrow pore
cobalt catalysts. Khodakov and co-workers also studied the relations between
mesoporous structure of silica support and cobalt dispersion [94]. It was shown that cobalt
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dispersion was higher in Co catalysts supported by the SBA-15 silica with a pore
diameter of 9.1 nm than in the commercial silica (fumed) with an average pore diameter
of 33 nm. A more than 10-fold increase in cobalt surface density did not result in any
noticeable sintering of Co3O4 particles in SBA-15 silica; the cobalt dispersion seems to
be maintained by catalyst mesoporous structure. The effect of support pore diameter on
cobalt dispersion was less significant for the catalysts supported by commercial silica
with broader pore size distribution. Cobalt catalysts supported by the SBA-15 periodic
mesoporous silica showed higher Fischer-Tropsch reaction rates which could be
attributed to higher cobalt dispersion. Hydrocarbon selectivity and chain growth
probabilities for both series of supported catalysts were not changed with the increase in
cobalt surface densities.
Li et al [95] studied the pore size effect of MCM-48, SBA-15 and SiO2 as support
for Co catalyst for FTs. It showed that the cobalt crystallite size formed on Co/SBA-15
with the pore diameter of 5.3 nm was the largest, and the ones formed on Co/MCM-48
with pore diameter of 2.6 nm were the smallest. The Co/SiO2 with the average pore
diameter at 10.4 nm is most active for FTS, while the Co/SBA-15 presented the highest
selectivity to C5+. The order of decreasing average Co3O4 crystallite diameter and C5+
selectivity was Co/SBA-15>Co/SiO2>Co/MCM-48. The low reducibility of the large
amount of small cobalt particles and cobalt silicates formed on Co/MCM-48 led to the
lowest activity and C5+ selectivity, and the low dispersion for Co/SBA-15 led to the loss
of active cobalt metal sites. Meanwhile the Co/SiO2 had moderate cobalt particle size and
the highest dispersion. The sequence of deceasing CO hydrogenation activity was
Co/SiO2>Co/SBA-15>Co/MCM-48.
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Xiong et al [96] reported the pore size effect on Co/SBA-15 catalysts for FTs. They
use diffuse reflectance infrared Fourier transform spectroscopy (DRIFT) to study the
surface properties of Co species after reduction through CO as probe molecule. Catalysts
with 4, 6, 9, and 16 nm of pore size were prepared. The catalysts with larger pore led to
larger cobalt cluster size, lower dispersion, higher reducibility, and also higher C5+
selectivity for the FTs. The larger pores gave rise to more adsorbed CO of the bridge-type
on FTs. CO conversion showed volcano type relation with the pore size in the range
studied.
Gonzalez et al [97] also compared SBA-15, Al-MCM-41, INT-MM1 together with
commercial silica as support for 20 wt.% Co based FTs. The results showed the influence
of mesoporous support porosity on the structure, reducibility, and FTS catalytic behavior
of Co catalyst. Co/SBA-15 showed to be the most active, more selective toward the
formation of C5+ hydrocarbons (~80%, α = 0.76) and less selective to CH4 among the
three kinds of catalysts studied.
I.T. Ghampson et al [98] studied pore diameter effect on particle size, phase, and
turnover frequency in different mesoporous silica (MCM-41 MCM-48 HMS SBA-15 and
commercial silica gel) supported Co FTs catalyst. Small Co hcp particles were detected in
all reduced catalysts contributing significantly to the Co surface area. The reaction rate
increased with the pore diameter of the silica support. It also reported a most notable
relationship that turnover frequencies, based upon total metal surface areas determined
after FTs, are very well correlated with pore diameter.
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2.5.6

Effect of impregnation solvent
A few studies reported the effect of impregnation solvent for Co catalysts. Yi

Zhang et al [99] reported the impregnation solvent effect on silica-supported cobalt (20
wt%) catalysts. The catalyst prepared from dehydration ethanol solution exhibited stable
and the highest activity, as well as significantly low methane selectivity. Cobalt
crystalline size of the catalyst prepared from dehydrated ethanol was smaller than that of
the catalyst prepared from aqueous solution, and existed two different size where the
large particles showed low bulk density with cluster-like structure. But only larger
clusters existed in the catalyst prepared from aqueous solution. Tymowski [100] studied the
solvent effect for SiC supported Co catalyst. Similar with results from Ref. [99], the
catalyst prepared with ethanol exhibits a higher FTS performance compared to the one
prepared with water and especially at high reaction temperature, i.e. 230 °C. The FTS
performance reached a steady state reaction rate of 0.54 gCH2 gcatalyst−1 h−1 with a
relatively high C5+ selectivity of about 90%. The 59Co zero field NMR analysis was
firstly used and indicated that the proportion of cobalt atoms engaged in the small hcp
cobalt particles (<8 nm) was higher for the ethanol impregnated catalyst and also to the
more homogeneous dispersion of the ruthenium atoms within the cobalt network forming
an alloy.
2.5.7

Effect of promoter
The cobalt catalysts are often used together with small amounts of promoter

elements as to enhance their overall catalytic performances and catalyst lifetime.
Promotion effects have been studied over a large range of elements such as noble metals
(Ru, Re), transition metal oxides (ZrO2 and MnOx) and some rare earth metal oxides.
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Although catalyst promotion is heavily studied in the field of heterogeneous catalysis, not
so much is known about the physicochemical origin of cobalt FT promotion effects.
Generally, many studies indicate that the number of available surface cobalt metal
atoms determines the catalyst activity and attempts to enhance the catalytic activity have
been focusing on two interconnected issues: (1) to reduce the cobalt-support oxide
interaction and (2) to enhance the number of accessible cobalt atoms available for FT
reaction. A brief summary of effects of typical promoters on catalytic behaviors of cobalt
FT catalyst is list in Table 2.4[9].
Table 2.4
Promoter
noble
metals
such as
Ru and
Re

ZrO2

Effects of typical promoters on catalytic behaviors of Co-based FT
catalysts[9]
Possible functions
1) Increasing the CO conversion activity by either enhancing the reduction
of Co precursors or facilitating the dispersion of Co species by preventing
the aggregation of CoO, or Co0 during calcination or reduction.
2) For Ru or Re, increasing the selectivity to C5+ and decreasing that to
CH4, owing to the increased Co site density; for Pt and Pd (with higher
hydrogenation ability) decreasing C5+ selectivity
3) Increasing the bridge-chemisorbed CO and thus enhancing the CO
dissociation ability.
4) Retarding deactivation by inhibiting the reoxidation of Co0 or carbon
deposition.
1) Increasing the CO conversion activity by enhacing the Co reducibility
through replacing stronger metal-support interactions with the weaker CoZrO2 interaction.
2) Enhancing the C5+ selectivity because of the increased Co site density or
the lowered hydrogenation ability.
3) Increasing the olefin/paraffin ratio due to the decreased hydrogenation
ability
4) Increasing Co0 size over SiO2- or Al2O3- supported catalysts but
decreasing Co0 size over AC-supported catalysts; Enhancing CO
dissociation ability over the AC-supported catalyst
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Table 2.4 (Continued)
5) Increasing the concentration of active intermediates but not changing the
intrinsic Co activity in many cases.
1) Increasing the selectivity to C5+ and decreasing that to CH4, possibly by
decreasing the hydrogenation ability thtough electronic modification of Co
species for form some Coδ+; the existance of Co-Mn interactions (e.g.,
forming MnxCo3-xO4 solid solution in catalyst precursor) is essential.
2) Increasing the ratio of olefin to paraffin because of the decreased
hydrogenation ability.
3) possibly increasing the CO conversion activity if the Mn content is low.

MnOx

Rare
earth
oxides
such as
La2O3
and
CeO2

1) increasing the C5+ selectivity and the olefin/paraffin ratio of in the case of
La2O3 by modifying the Co-support interactions;

2) The effect of CeO2 on product selectivity is complicated and depends on
catalyst preparation technique. An appropriate preparation method may
result in higer selectivity to middle distillates.
Table 2.4 (Continued)
3) Raising CO conversion activity with an appropriate content and
preparation technique.

2.5.7.1

Noble metals promoter
Noble metals were often used as promoter for Co catalyst to enhance their

reducibility. A detailed comparison of promoting effects of different noble metals for
Co/SiO2 catalyst was done by Tsubaki et al [101]. They found that the CO hydrogenation
rate increased in the order Co/SiO2 < Pt-Co/SiO2 < Pd-Co/SiO2 < Ru-Co/SiO2. The
addition of a small amount of Ru increased the degree of reduction of Co and the cobalt–
time yield (moles of CO converted per total moles of Co per unit time) remarkably. The
TOF based on surface Co evaluated by H2 uptake increased to some extent by Ru
modification. In contrast, Pd and Pt only slightly affected the degree of reduction but
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enhanced the cobalt dispersion, and decreased the TOF. Tsubaki thus proposed the
different functions of Ru, Pd, and Pt added into Co/SiO2 catalysts. Ru promoted the
reduction of Co catalysts, whereas Pt and Pd dispersed uniformly in the form of Pt-Co or
Pd-Co alloys enhanced the dispersion and scarcely affected the reducibility of Co
catalysts. Jacobs et al [32] showed that addition of Ru and Pt exhibited a similar catalytic
promotion effect by decreasing the reduction temperature of cobalt oxide species, and for
Co species where a significant surface interaction with the support was present, while Re
impacted mainly the reduction of Co species interacting with the support.
2.5.7.2

Ag promoter
The very high price and the limited world reservation limit the use of noble metal

as promoter for Co FT catalysts. Ag as a substitute for Pt promoter for FT Co/Al2O3
catalysts was advocated, due to its satisfactory ability to facilitate cobalt oxide reduction,
its good catalytic performance in improving the CO conversion and selectivity and,
especially, its much lower price compared to that of Pt. Jermwongratanachai et al [102]
compared the promotion effect of Ag and Pt on Co/Al2O3 catalyst. Although both
promoters initially facilitate reduction of cobalt oxides, their local atomic structures are
fundamentally different. Either Pt or Ag can significantly improve the CO conversion
rate on a per gram catalyst basis of Co/Al2O3. They also found slightly adverse effects on
selectivity (i.e., increased CH4 and CO2, at detriment to C5+) with Pt, while Ag provides
slightly decreases CH4 and CO2, and increases C5+. It seems Ag could be a good
substitute for Pt as promoter for cobalt FT catalysts.
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2.5.7.3

Boron promotion
Recently Saeys and coworkers [103,104] reported the boron as a promoter to enhance

the stability of Co catalyst. A surface carbide and graphene islands were calculated to be
thermodynamically stable by Density functional theory (DFT). Two forms of deposited
carbon are also distinguished experimentally after 200 h of FTS. DFT calculations
indicate that boron and carbon display similar binding preferences, and boron could
selectively block the deposition of resilient carbon deposits. To evaluate the theoretical
predictions, supported 20 wt % Co catalysts were promoted with 0.5 wt % boron and
tested under realistic FTS conditions. Boron promotion was found to reduce the
deactivation rate 6-fold, without affecting selectivity and activity.
2.5.7.4

Metal oxides promoter
Addition of metal oxides as promoters is also a preferable way to improve the

FTS catalyst because of their cheap price, available supply, and good promotion
performance.
Dinse et al [105] conducted a systematic study on the effects of reaction conditionstemperature, pressure, and CO conversion-and the extent of Mn promotion on the activity
and product selectivity of Mn-promoted Co for FTS. They found that Mn promotion
increased the rate of CO consumption at Mn/Co ratios of 0.05, decreased the selectivity
to methane, and increased the selectivity to C5+ products, but had no effect on the
selectivity to C2-C4 products. Raising the pressure to 10 atm， the rate of reaction was
lower for the Mn-promoted catalyst due to a higher level of CO inhibition. CO
conversion caused a slight increase in the rate for Mn-promoted Co/SiO2.
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TiO2 can play a role as support as well as promoter for cobalt FT catalyst.
Venezia [106] et al reported the promotion effect of TiO2 on sol-gel prepared silica
supported Co catalyst. They found adding a small amount of titania to a sol-gel prepared
silica, has a beneficial effect on the FTS activity. The crystallite sizes are slightly smaller
in the presence of titania and are not influenced by the cobalt loading. It was proposed
that the improvement of the catalytic behavior of the cobalt supported over the titania
modified silica, notwithstanding the similar particle size and their lower reducibility,
could be attributed to the presence of the CoO oxide interacting strongly with the titania
doped support, avoiding the particle mobility and therefore the early stage reaction
deactivation by sintering. Cuong Pham-Huu group also reported TiO2 decorated SiC
supported Co catalyst [107,108]. They concluded, from the 2D elemental maps deduced by
2D EFTEM and 59Co NMR analyses, that the nanoscale introduction of the TiO2 into the
β-SiC matrix significantly enhances the formation of small and mediumsized cobalt
particles. The results revealed that the proper metal−support interaction between cobalt
nanoparticles and TiO2 led to the formation of smaller cobalt particles (<15 nm), which
possess a large fraction of surface atoms and, thus, significantly contribute to the great
enhancement of conversion and the reaction rate. A superior and stable FTS specific rate
of 0.56 g C5+ g catalyst -1 h-1 together with high C5+ selectivity of 91% were obtained at
common industrial content of 30 wt % cobalt. Chemical imaging based on energy-filtered
TEM in 2D and 3D modes of Co/TiO2-SiC catalysts reveal that TiO2 doping is almost
homogenous within the bimodal porous structure of β-SiC; small Co nanoparticles are
found on TiO2 and larger ones are close to SiC. The enhancement of the FT performance
of the Co/TiO2-SiC catalyst seemed to be attributed to a better dispersion of the cobalt
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particles in close contact with the TiO2 phase. The highlight of the above mentioned work
is the use of energy-filtered TEM combined with more traditional HRTEM which
allowed the access to the internal porosity of the support to precisely solve the
microstructure, the porous characteristics, the distribution of the constituting phases, and
the confirmation of a complete retention of the small cobalt particle sizes in contact with
the TiO2 phase after long-term reaction.
2.5.7.5

Promote by rare earth
Ming et al [109] reported the promotion effects of rare earth element praseodymium

(Pr) on Co/SiO2 catalyst. Their results showed that an addition of small amounts of Pr
greatly enhances activity and selectivity for the catalyst in the FTs. The optimal atomic
ratio of Pr/Co for 6% cobalt-silica gel catalysts was found to be between 0.26 and 0.35.
Cerium has the highest reservation compared to other rare earth elements, and has been
widely studied as promoter as well as supports for cobalt FT catalyst. Cobalt cerium
oxide catalysts were prepared using co-precipitation procedure and used for FTs [110].It
was found that all different preparation variables influenced the structure and
morphology of the catalyst precursors and calcined catalysts. Ernst [111] reported that
ceria can enhance the dispersion of metallic cobalt and increase the amount of active sites
on the catalyst, leading to the increased concentration of surface active carbon species
and the improved selectivity towards long chain hydrocarbons. Su et al [112] also found
that the addition of cerium enhances the dispersion degree and lowers the reduction
temperature of cobalt oxides over the pillared montmorillonite supported cobalt catalysts.
Recently, Khobragade [113] et al studied the promotion effect of K and CeO2 on Co/SiO2
catalyst for FTs. Incorporation of K and CeO2 significantly influenced the catalyst
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reducibility due to increased metal support interaction. The CO conversion and C5+
selectivity were highest for ceria doped Co/SiO2 catalyst. Both K and CeO2 promoted
Co/SiO2 were found active and stable for the FTS reaction, however compared to K
promoted catalyst ceria promoted catalyst notably improved the C5+ selectivity, while
suppressing the CH4 and coke formation.
Other rare earth elements have also been investigated as promoters. For example,
Haddad [114] reported that the addition of La3+ does not change the nature of the active
sites, however, La3+ promotion brings about the increase of CO hydrogenation rate by
increasing the concentration of active sites/intermediates. Suzuki et al [115] firstly reported
the promotion effect of Eu on Co/silica catalysts in a slurry-phase reactor. It was found
that the addition of 1% Eu improved the activity of the Co/SiO2 catalyst, while more than
5% Eu reduced it. XRD and XANES analyses revealed that Eu has a negligible effect on
the Co metal particle sizes of the reduced catalysts and that 1% Eu enhanced the
reducibility of the Co oxides while excess Eu was ineffective. It was demonstrated that
Eu is a good promoter for Co/SiO2 catalysts.
For rare earth element usually exit as mixture in certain metal compound in
nature, so it is of interest to study the effect of mixed rare earth on cobalt catalytic
behavior. Zeng [116] et al reported A series of Co/γ-Al2O3 catalysts promoted with single
or mixed rare earths. The results showed that lanthanum, cerium, praseodymium and
samarium played positive role on decreasing the production rate of methane, carbon
dioxide, C2-C4 products and increasing C5+ selectivity, but neodymium (Nd) had an
opposite effect on the Co/γ-Al2O3 catalysts. In addition, the promotion with appropriate
mixed rare earths ratio of the natural mixed rare earths was favorable for generating long32

chain hydrocarbons over the Co/γ-Al2O3 catalyst, and the catalyst promoted with the Ndremoved mixed rare earths presented best catalytic performance.
2.5.8

Deactivation of Co catalyst for FTs
The main causes of catalyst deactivation in cobalt based FTS as they appear in the

literature are poisoning, re-oxidation of cobalt active sites, formation of surface carbon
species, carbidization, surface reconstruction, sintering of cobalt crystallites, metalsupport solid state reactions and attrition (mainly appear in slurry phase reactor) [117].
There is no full agreement on deactivation mechanism for cobalt FT catalyst, and
it remains the very active research area. Recent studies have proved that under realistic
FTS conditions, the transformation of Co0 to cobalt oxides, cobalt carbides, or mixed
oxide compounds (e.g., cobalt aluminate or cobalt silicate) may occur as a result of a
reaction with the supports, which can be assigned as the major deactivation mechanism
. Wei Zhou et al [119] reported the deactivation behavior of Co/SiO2 catalyst for FTS at

[118]

different H2/CO ratios, and found that the deactivation rate of the catalyst increased with
the rise of the H2/CO ratio. The generation of silicates and/or hydrosilicates species was
evidenced which suggested that the deactivation was caused by the transformation of
metallic cobalt into inactive silicates and the high partial pressure of H2 facilitated the
formation of the silicates.
The development of in-situ characterization technique has provided more details
about the deactivation of Co catalysts. Recently, Khodakov and co-workers [120,121]
utilized in situ XRD combined with simultaneous analysis of the reaction products by online gaschromatography to find that considerable structural versatility of aluminasupported cobalt catalysts promoted with platinum exists under the realistic conditions of
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FT reaction (20 bar, 493K). Cobalt sintering and minor carbidization occur at the first
hours of FT reaction and result in a decrease in catalytic activity. Partially reduced cobalt
catalysts can undergo further reduction under the realistic conditions of FT synthesis.
Catalyst exposure to carbon monoxide leads to rapid cobalt carbide formation. Cobalt
carbidization followed by hydrogenation selectively led to cobalt hcp phase, which seems
to be more active than cobalt fcc phase in FT reaction, which is also proposed by former
studies [26-30]. No cobalt oxidation is observed at moderate carbon monoxide conversion.
Cobalt oxidation by water is not significant in the cobalt catalysts with larger cobalt
particles (>5 nm). Based on the results, they concluded that cobalt oxidation is not
probably one of the major deactivation mechanisms for larger cobalt particles (>5 nm),
however, it cannot be ruled out for smaller cobalt particles (<5 nm).
Carbon deposition as deactivation mechanism has recently gained support [122,123].
Moodley et al [122] studied the deactivation of supported Co catalysts in a pilot-scale 100
barrel/day slurry bubble column reactor under realistic FTS conditions of 230 , 20 bar,
and H2/CO =2. After 55 days of reaction, the catalytic activity was reduced by 50%.
Concurrently with the loss in activity, the gradual formation of resilient carbon deposits
was observed. Both carbidic and polyaromatic carbon species could be identified on the
Co catalyst after 200 h of reaction. DFT calculations also supported the characterization
data.
Poisoning is usually considered as one reason for deactivation. Borg et al [124]
investigated the effect of 10 typical biomass-derived synthesis gas impurities (0–1000
ppmw) on cobalt Fischer–Tropsch catalyst performance. The presence of alkali (Na, K)
and alkaline earth elements (Ca, Mg) did not affect the ex situ-measured cobalt surface
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area but decreased the in situ activity, thereby decreasing the apparent turnover
frequency. The C5+ selectivity increased and decreased upon addition of alkali and
alkaline earth metals, respectively. Mn, Fe, and P had minor effects on catalyst
performance. The presence of Cl decreased cobalt surface without affecting activity. The
changes in turnover frequency correlated with element electronegativity. In situ addition
of H2S and (CH3)2S (2.5-10 ppm) decreased activity at all concentrations. However,
product selectivity was not affected. Addition of NH3 (4 ppm) did not change catalytic
performance. These results provide good reference for syngas cleaning process before
FTs in biomass to liquid technology. One thing should keep in mind that the amount
studied here is in ppm level as impurity, however some elements are also used as
promoters Mn K et al, and they are in larger amount 0.01-0.1Co, so their effect may be
different for FTs. With the development of in-situ characterization technique, there has
been significant progress on understanding the activation of Co FTs catalyst from
intrinsic point of view.
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CHAPTER III
EXPERIMENT METHODS

3.1

Preparation of supported Co catalyst
Monodisperse PMMA microspheres were synthesized by using an emulsion

technique. The obtained latex PMMA was centrifuged to form colloidal crystal template
(CCT). 3DOM Cu-Fe based catalyst was prepared by PMMA CCT method, using
ethylene glycol (EG)-methanol solution of metal nitrates Co(NO3)2·6H2O and
Fe(NO3)3·9H2O as precursors. The stoichiometric amount of mixed metal nitrates were
dissolved with 15 ml of EG by stirring in a 100 ml beaker at room temperature for 2 h,
and the produced solution was poured into a 50 ml volumetric flask. Methanol (6 ml) and
EG were added to achieve the solution with desired concentration of methanol (the final
concentration of methanol was 12 vol.%). Then the inorganic precursors were added to
the CCT, permeated the voids between the close-packed spheres, and condensed into a
hard inorganic framework upon frying. Excessive liquid was removed from the
impregnated microspheres template via a Buchner funnel connected to vacuum. The
infiltered template was allowed to dry in a desiccator by using anhydrous calcium
chloride at room temperature overnight. Finally, the dried sample was mixed with γalumina sphere (0.125 inch) and heated in a quartz tube at the rate of 1
temperature to 450

in air for 5 h.
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/min from room

The siliceous SBA-15 mesoporous material was synthesized according to the
procedure described in Ref. [125], using Pluronic triblock copolymer (Aldrich, EO20PO70-EO20, P123) as the structure-directing agent and tetraethyl orthosilicate (TEOS) as
silica source.
First, the triblock copolymer was dissolved in a solution of water and HCl under
stirring, and then the required amount of TEOS was added to the above solution at 309 K
and kept under stirring for 20 h. Then, the gel mixture was transferred into polypropylene
bottles and heated at certain temperature for certain time in static. (Aging temperature
and time depends on the needs for different purpose) After the synthesis, the solid
obtained was filtered, exhaustively washed with distilled water until neutral pH, dried at
353 K and finally calcined in a flow of air at 773 K for 6 h to remove the organic
template.
Co catalysts supported on SiO2 or SBA-15 were prepared through incipient
wetness impregnation using solutions of cobalt nitrate to obtain certain amount of Co
content in the final catalysts. The samples were dried in an oven in 373K overnight then
calcined in the flow of air at designed temperature (473K, 573K, 673K, or 773K) for 6h.
3.2
3.2.1

Catalyst characterization
Surface area and pore-size distribution
The BET surface areas and pore-size distributions in mesoporous silicas were

measured using nitrogen absorption at 77 K. Prior to the experiments, the samples were
outgassed at 573 K for 4 hours under vacuum. The isotherms were measured using a
QUANTACHROME instruments Autosorb-1 system. The BET surface areas were
obtained for adsorption data in a relative pressure range from 0.05 to 0.30 or 0.06-0.2.
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The total pore volumes (TPV) were calculated from the amount of N2 vapor adsorbed at a
r elative pressure close to unity (0.99), assuming that the pores are filled with the
condensate in the liquid state. The pore-size distribution curves were evaluated from the
desorption branches of the isotherms using the Barrett-Joyner-Halenda (BJH) formula
[126]

.The mesopore size distribution (PSD) was calculated on the basis of adsorption

branches of nitrogen isotherms using the BJH method with the corrected form of the
Kelvin equation and the statistical film thickness curve, both determined using a series of
MCM-41 materials, as reported by Kruk, Jaroniec, and Sayari [127].
3.2.2

H2 temperature programed reduction
The reduction behavior of the supported oxidized cobalt phases was study by the

temperature-programed reduction in a ChemBET Pulsar TPR/TPD (Quantachrome
Instruments) equipment. The catalyst samples were first purged in a flow of nitrogen at
300 °C for 60 min to remove traces of moisture, and then cooled to 40 °C. The TPR of
200 mg of each sample was performed using 4 % hydrogen in Argon gas mixture with a
gas flow rate of 70 cm3 min-1. The samples were heated from 40 to 900 °C with a heating
rate of 10 °C min-1. The H2 consumption rate was monitored in a thermal conductivity
detector (TCD) calibrated with known amount of H2 pulse.
3.2.3

X-ray diffraction
X-ray diffraction patterns were obtained at room temperature using

monochromatized Cu-Kα (λ= 0.15418 nm) radiation. The average particle sizes of Co3O4
in the different catalysts were estimated from the Scherrer equation (3.1) using the most
intense reflection at 2θ = 36.9◦
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D=0.89λ /(βcos θ)

(3.1)

The Co3O4 particle sizes in the calcined samples were then converted to the
corresponding cobalt metal diameters in reduced catalysts by considering the relative
molar volumes of Co0 and Co3O4 using the equation:
d(Co0) = 0.75×d(Co3O4)

(3.2)

Then, the Co0 metal dispersions can be calculated from the mean Co0 particle
sizes assuming a spherical geometry of the metal particles with uniform site density of
14.6 atoms/nm2 as described in [128,129] using
D = 96/d
3.2.4

(3.3)

Scanning electron microscope and Transmission electron microscope
The supports and catalyst morphologies was observed using a field emission

scanning electron microscope (FE-SEM) equipped with an energy dispersive X-ray
analysis (EDX) detector. Before the analysis, the surfaces were coated by a sputter with a
thin layer (5, 10 nm) of Pt to avoid charging effects. Transmission electron microscope
(TEM) was used to further characterize the morphology of the catalyst and to study the
location of the active phase. The analyses were carried out using a JEOL instrument
operating at 80 keV or 200 keV.
3.3

Fischer-Tropsch Synthesis
The Fischer-Tropsch synthesis was performed in a down-flow fixed-bed stainless-

steel reactor (di=1/2 inch). Typically, 0.5 g of catalyst diluted with quartz sand was
loaded in the catalyst bed. The catalysts were reduced in-situ at atmospheric pressure by
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passing a flow of 50%H2/N2 through the reactor. During reducing process, the
temperature of reactor was increased to 673 K at a heating rate of 1K min-1 and
maintained at this temperature for 6 h. After the reduction step, the temperature was
lowered to 393 K under the flow of 50% H2/N2 and then the reactor pressure was slowly
increased up to 20 bar (or other designed pressure) by introducing the reactant gas
mixture (64%H2 : 32% CO : balanced N2, N2 used as internal standard). Then, the
temperature in the catalyst bed was increased from 393 to 493 K (or other designed
temperature) at a controlled heating rate of 1 K/min in order to avoid instability of the
system induced by the highly exothermic FTS reaction. Once the reaction temperature of
493 K was achieved (TOS = 0), the reaction was led to proceed during a period of 10-15
h to ensure stabilization of the catalyst activity.

Figure 3.1

Experimental set-up for FTs
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During the reaction the reactor effluent passed sequentially through a hot trap kept
at 120 °C and 310 psi to collect waxes and water, and a cold trap kept at 5 °C to collect
residual fuel products and water. The off-gas that coming out of the cold trap was
analyzed on-line at periodic intervals by gas chromatography in a Agilent 8990
chromatograph equipped with one flame ionization detector (FID) and two thermal
conductivity detector (TCD) detectors.
The CO conversion and the product selectivity were calculated according to
Equations (1) and (2), respectively [130], where F0 and F are the flow rates of the syngas
and effluent gas, respectively,

and

are the concentrations of component i in the

syngas and effluent gas which can be quantitatively analyzed by GC when i = 1~3, and n
is the carbon number in a product i molecular:
/

conversion of CO (%) =

×100
×100

selectivity of product I (%) =

(3.4)
(3.5)

The selectivity of C4+ (SC4+) was determination as follows [131]:
S C4+ (%) = 100 – SC1 – SC2 – SC3
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(3.6)

CHAPTER IV
SYNTHESIS OF SELF-SUPPORTED MACROPOROUS AND MESOPOROUS
COBALT CATALYST AND THEIR APPLICATION FOR FTS

4.1

Synthesis of self-supported three dimensional macroporous cobalt catalyst
Recently, much attention has been attracted to three-dimensional ordered

macroporous (3DOM) materials with pores sized in the sub-micrometer range, because of
their applications in catalysis, photonic crystal, and separation [132]. According to the
International Union of Pure and Applied Chemistry (IUPAC) recommendation, porous
materials can be classified into three types based on their pore sizes: microporous< 2 nm,
2 nm< mesoporous< 50 nm, and macroporous> 50 nm. 3DOM metals are anticipated to
exhibit improved performance in applications, such as those requiring transport through
the pores or interaction with the surface. This has been a motivating factor for the
fabrication of 3DOM metals. Connected macropores with high porosity in 3DOM
catalysts can permit facile transport of guest molecules, and increase the catalytic activity
in potential catalysis. PMMA has many advantages over polystyrene (PS) and leads to
well defined 3D structures. PMMA has better wettability with polar solvents (such as
H2O and alcohol) than PS. As a consequence, metal precursor solutions involving polar
solvents can infiltrate the colloidal crystals more completely, introducing fewer structural
defects during the composite formation. Another reason for using PMMA instead of PS
42

lies in its distinct thermal degradation character which permits milder template removal
conditions [133].
Sadakane et al reported a facile method to produce (3DOM) alumina, iron oxide,
manganese oxide, chromium oxide, and their mixed-metal oxides. An ethylene glycol
(EG)-methanol mixed solution of metal nitrates was infiltrated into the void of the
colloidal crystal template of a monodispersed PMMA sphere. Heating initiated nitrate
oxidation of the EG to produce metal glyoxylate salt. Further heating converted the
glyoxylate salt to metal oxide and decomposed PMMA which produced the desired
3DOM metal oxides.
In order to synthesize mono-dispersed PMMA, a modified emulsifier-free
emulsion polymerization technique with water-oil biphase double initiators was used.
The mono-dispersed poly(methyl methacrylate) latex was poured into centrifuge tube and
centrifuged for 24h at 1000 rpm. The colloidal crystal template (CCT) was obtained as
the sediment, and the liquid above the sediment was removed by pipette. The obtained
CCT was allowed to dry under room temperature. An ethylene glycol (EG)-methanol
mixed solution of metal nitrate salts, which are converted to a mixed metal glyoxylate
salt by in situ nitrate oxidation at low temperature before the template is removed [134].
A similar method was applied to prepare 3DOM Co3O4 materials. The PMMA
template and the obtained Co3O4 material were analyzed through SEM, and the SEM
photos were shown in Figure 4.1.
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Figure 4.1

SEM images of PMMA colloidal crystal template and obtained Co3O4
through template method

As indicated in SEM photos, the PMMA template was shown higher three
dimensional order over several tens of micrometer range. Nevertheless, the obtained
Co3O4 showed completely disordered. Two important parameters of this method are
suggested in order to produce a well-ordered 3DOM structure in high yield by Sadakane
et al: (1) The nitrate oxidation temperature should be lower than the glass transition
temperature of the PMMA. (2) The heat produced by oxidative decomposition of the
PMMA should effectively be removed [135]. For Co, the nitrate oxidation temperature
(100-105°C) was comparable to the PMMA glass transition temperature (about 105°C).
Solidification by nitrate oxidation and melting of the PMMA occurred at the same time,
and some of the metal salts were squeezed out from the void in the template causing low
fraction of 3DOM structure (see TEM photos below).
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Figure 4.2

4.2

TEM images of Co3O4 prepared by PMMA colloidal crystal template
method

Preparation and characterization of self-supported 3DOM Fe/Co catalyst
To get 3DOM cobalt based catalyst, mixed metal oxide were prepared with

different Fe/Co (m/m) ratios through CCT method.
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4.2.1

SEM analysis
Figure 4.3 displayed SEM images of the prepared 3DOM Fe/Co catalysts.

Figure 4.3

SEM images of 3DOM Co/Fe prepared with PMMA template. Fe :Co =1:1

From Figure 4.3 we can see that 3DOM structure was formed, but not ordered
very well. Some honeycomb-like disordered porous structures with diameter about 50 nm
also formed. The reason for that may due to the flow of PMMA before Co nitrate
oxidation happened.
Figure 4.4 and 4.5 showed other prepared 3DOM Fe/Co materials with different
Fe/Co ratios. The fraction of well-defined 3DOM structure was higher at lower Co/Fe
value. So in order to get 3DOM structure of Co/Fe co-metal oxide, the value of Fe/Co
should be at least higher than 1.
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Figure 4.4

SEM images of 3DOM Co/Fe prepared with PMMA template. Fe :Co =3:1

Figure 4.5

SEM images of 3DOM Co/Fe prepared with PMMA template. Right Fe
:Co = 3:1, left Fe:Co = 10:1

4.2.2

H2-TPR
Temperature programmed reduction allow us to compare the reducibility of the

surface between samples of different compositions. The H2-TPR profile in Figure 4.6
showed a big peak at around temperature of 500
temperature of 400

with shoulder peak at around

with Fe/Co=1. As the ratio of Fe/Co increase, the shoulder peak

become small, and the main peak become broader. It was reported that pure Fe2O3 has
two reductive peaks at 450°C and 700°C while pure Co3O4 has two reductive peaks at
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300°C and 410°C [136,137]. The first peak at 350-450 °C is from the reduction of Fe2O3 to
Fe3O4, and the broad peak at 700 °C was attributed to the reduction of Fe3O4 to Fe(m)
[138]

. After mixing with Co, only one main peak was observed. Fe2O3 was reduced to

metallic iron at lower temperatures. This observation was explained by a synergistic
effect between Co3O4 and Fe2O3, in which Co3O4 promoted the reduction of Fe2O3 at a
lower temperature [139,140].

TCD signal

Fe:Co
1:3
1:1
3:1

0

Figure 4.6

4.2.3
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H2-TPR profile observed for 3DOM Fe2O3/Co3O4 with different Fe/Co
values

XRD characterization
XRD patterns of the prepared Fe/Co catalysts through CCT method were shown

in Figure 4.7. The position of the observed peaks confirmed that CoCo2O4 (PDF#97-0009362) and Fe3O4 (PDF#98-000-0073) were the two crystalline phases present. Fodor et
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al. had an in-depth investigation on the crystallographic and magnetic properties of
various concentrations of Co1-xFex alloys by electro-deposition in the alumina matrix
produced by anodization in oxalic acid [141]. The existence of an ordering reaction in Fe1xCox

alloys has been widely investigated. The ordering reaction attracted considerable

attention because of the presumed relationship between order and the intergranular
brittleness of F-Co alloys. As shown in the phase diagram, near-equiatomic FeCo alloys
are b.c.c. at low temperature and f.c.c. at temperature above ~980
temperature of catalyst was 450

. The preparation

, and therefore with the increase of Fe content, the

b.c.c. phase changes to a B2 structure was observed in the XRD spectra. The pure Co
showed an f.c.c phase.
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Figure 4.7

X-ray diffraction pattern for Fe-Co catalyst calcined at 450

49

80

Figure 4.8

4.2.4

The Fe-Co binary phase diagram [142]

Fischer-Tropsch reaction
The effect of reaction temperature on Fischer-Tropsch synthesis (FTS)

performance of the catalyst (Fe/Co=10) in a fixed-bed reactor was investigated. At
215 oC, the maximum values for C4+ selectivity and CO conversion rate were obtained.
CO conversion decreased with increasing temperature. At 235 oC, the C4+ liquid oil
productivity reached a constant value.
Effect of temperature for 3DOM Fe-Co catalyst with Fe/Co ratio of 10 was
investigated over Fischer-Tropsch synthesis using fixed bed reactor. The results were
shown below.
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Figure 4.9

Effect of temperature on CO conversion and product selectivity for
3DOMFe10Co1 catalyst

The results showed that the CO conversion is quite low (~10%) for
3DOMFe10Co1 catalyst at 235°C, and increases only slightly with increasing
temperature. For other prepared 3DOM Fe/Co catalysts with different Fe/Co ratios, the
CO conversion is negligible. The reason for the very low CO conversion is unclear. Since
the 3DOM Fe/Co catalysts show very low FTs catalytic activity, preparation of
mesoporous cobalt based catalyst is proposed and taken into consideration.
4.3

Synthesis and characterization of self-supported 2D ordered mesoporous
Co3O4
Since the discovery of ordered mesoporous silicas (e.g., MCM-41 and SBA-15) in

the 1990s, there has been great progress in the preparation of ordered non-silica
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mesoporous materials. Among non-silica mesoporous materials, mesoporous transition
metal oxides are particularly important because they possess d-shell electrons confined to
nanosized walls, redox active internal surfaces, and connected pore networks which make
them suitable for many applications such as energy conversion and storage, catalysis,
sensing, adsorption, separation, and magnetic devices[143]. Meso-porous Co3O4 was
synthesized by using SBA-15 as template [144]. The small angle XRD analysis result for
as-synthesized mesoprous Co3O4 was shown below.

Intensity/counts

100

1.0

1.5

2.0

2.5

3.0

2/degree

Figure 4.10

Powder XRD pattern of meso-porous Co oxide

The intense peak showed at 2θ of 0.83 degree indicated the ordered mesoporous
structure of the synthesized Co3O4 material [145,146]. H2-TPR analysis result of mesoporous
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Co3O4 was shown below in Figure 4.11. The H2-TPR analysis can give useful
information about the way and degree of reducibility of the samples. Alvarez et al [147]
have investigated the TPR plots of Co3O4 rods, Co3O4 wires and the mix sample. The
TPR plot presented a signal at low temperature around ~370

and other at ~520

. The

lower temperature peak was nearly the same with Co3O4 wires (371 ). The signal at low
temperature is attributed to the Co3O4 to CoO reduction and the other one to the CoO to
Co(m) reduction.
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Figure 4.11

H2-TPR profile for meso-Co3O4

The FTS reaction was triply carried out at 235 oC and 310 psi in a fixed-bed
reactor. Unfortunately, no CO conversion was observed under typical FT reaction
53

conditions. This might because the mesoporous structure was not stable under FT
reaction conditions [148]. Above all the results we got, we may conclude that selfsupported macro meso porous Co based catalyst is not favorable for FTs. This drives us
to focus on supported macro and meso porous Co catalyst preparation.
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CHAPTER V
SYNTHESIS AND CHARACTERIZATION OF 3DOM AL2O3 SUPPORTED CO
CATALYST AND THEIR APPLICATION FOR FTS

5.1

Co incorporated 3DOM Al2O3
We will continue to use CCT method to prepared 3DOM alumina. Two routes

could be taken to get 3DOM Co alumina catalyst. One is In-situ formation of
3DOMCo/Al. The other is through two steps. 20%Co incorporated 3DOM Al2O3 was
prepared using the following steps. Highly ordered and regularly packed threedimensional PMMA template was soaked in mixed solution of 2M Co(NO3)2•6H2O and
Al(NO3)3•6H2O (20Co/80Al with total 2M) in ethyl glycol/methnol(40vol%) for
overnight in order to have complete permeation of the voids between the template
spheres with the infiltration solution. Excess solution was removed from the impregnated
PMMA template by vacuum filtration. The obtained sample was then allowed to dry in
fume hood at room temperature overnight with further drying in oven under 70

for 12

hours. The sample was then calcined in muffle furnace with airflow. The calcination
process was composed with two steps: first increase to 450
increase to 900

and kept for 6 h and then

and kept for another 6h. The increasing ramp rate was set as 1 /min

for both temperature raise process.
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Figure 5.1

H2-TPR profile for Co-in-3DOMAl

The H2-TPR profile for Co-in-3DOMAl indicated that Co-in-3DOMAl showed
H2 reduction activity under very high temperature (>900

). This suggested that this

catalyst was not suitable for FTs.
5.2
5.2.1

3DOM Al2O3 supported Co catalyst
Experimental methods
Firstly, 3DOM Al2O3 was prepared through CCT method. Highly ordered and

regularly packed three-dimensional PMMA template was soaked in mixed solution of 2M
Al(NO3)3•6H2O in ethyl glycol/methnol(40vol%) for overnight in order to have complete
permeation of the voids between the template spheres with the infiltration solution.
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Excess solution was removed from the impregnated PMMA template by vacuum
filtration. The obtained sample was then allowed to dry in fume hood at room
temperature overnight, after which the sample was calcined in furnace with airflow. The
initial calcination temperature was set at 700
kept at 700

with increasing ramp rate of 1

/min and

for 10 h [149].

However, the sample after calcination at 700

showed green and black color,

which indicate incomplete calcination. The sample was further re-calcinated at 800
and 900

respectively. Photos of samples calcined at different temperatures were shown

below.
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Figure 5.2

Photos of samples calcined at different temperatures

From the photos, it can be seen that when sample was calcined at 700

, the

obtained sample was green and black mixed particles. When calcined at 800

, the

obtained sample was white and black mixed particles. When calcined at 900

, the

obtained sample was white particles, which indicate the complete removal of PMMA
template.
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5.2.2

SEM analysis
Figure 5.3 showed SEM photos of samples calcined at different temperatures.

(a)

(b)

(c)
Figure 5.3

(d)

SEM images of 3DOM Al2O3 prepared with CCT method at different
calcination temperature (a) 700 (b) 800 (c) and (d) 900 .

From the SEM images, it can be clearly seen that when calcined at 700

, most

of the PMMA template were kept, and no 3DOM structure formed. When calcined at 800
, well-ordered 3DOM structure of Al2O3 was observed by SEM, however, some
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fraction of PMMA was still kept in the pores of 3DOM Al2O3. When calcined at 900

,

well-ordered 3DOM structure of Al2O3 with no PMMA template residuals left was
observed. Above all, well-ordered 3DOM structure of Al2O3 can be obtained by CCT
method using PMMA as template. However, the calcination temperature required to
obtain 3DOM Al2O3 was much higher than reported in the literature [149].
H2-TPR analysis for Co/3DOMAl

TCD signal/a.u.
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Figure 5.4

H2-TPR profiles for Co/3DOMAl and Co/γ-Al2O3

The pure Co3O4 has two reductive peaks at 300°C and 410°C, which correspond
to the reductions of Co3O4 to CoO and CoO to Co(m), respectively [150]. The strong
interaction between Co and γ-Al2O3 makes peaks of Co/ γ-Al2O3 shift heavily toward
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higher temperature than Co/3DOMAl. The pore volume of 3DOMAl was much larger
than γ-Al2O3. The ease of reduction increased with increasing the pore diameter [151].
5.2.4

XRD
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Figure 5.5

Wide-angle XRD results for Co3DOMAl and CoAl2O3

From XRD results, we see that for both Co/3DOMAl catalyst and Co/Al2O3
catalyst, the cobalt species are in crystalline Co3O4 form for calcined catalysts. For
Co/3DOMAl catalyst, the interaction between support and Co species is much smaller
than Co/Al2O3 catalyst, which may result in the more intense peak of γ-Al2O3 for
Co/3DOMAl catalyst than for Co/Al2O3 catalyst [152].
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5.2.5

FTs test for Co/3DOMAl catalyst
Time on stream tests were run for both Co/3DOMAl and Co/ γ-Al2O3 catalysts.

Both catalysts kept high activity during 45hrs. As indicated in Figure 5.6, 5.7,
Co/3DOMAl showed much higher C4+ hydrocarbon selectivity and CO conversion than
the conventional Co/γ-Al2O3. This may be attributed to the 3D ordered pore arrangement
of 3DOMAl support, which can permit facile transport of guest molecules that causes the
formed olefins occurs secondary reactions through the chain-growth mechanism.

100

80

Co3DOMAl
Co/Al2O3
CO%

60

40

20

0
0

10

20

30

40

50

Time/h

Figure 5.6

Comparison of Co/3DOMAl and Co/ γ-Al2O3 for CO conversion
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Comparison of Co/3DOMAl and Co/ γ-Al2O3 for product selectivity
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CHAPTER VI
SYNTHESIS AND CHARACTERIZATION OF CO/SBA-15 CATALYSTS AND
THEIR APPLICATION FOR FTS

6.1

Synthesis and characterization of Co/SBA-15 catalyst
SBA-15 is a kind of ordered mesoporous meterials firstly developed by Zhao et al

in 1998 [153]. A schematic representation of pore structure of SBA-15 was shown in
Figure 6.1. SBA-15 performs good candidate for catalyst support. The high surface area
(300-1500 m2 g-1) of the mesoporous materials gives higher metal dispersions at higher
cobalt loadings compared with conventional amorphous silicas. Furthermore, the uniform
pore diameters (2-30 nm) permit better control of the cobalt particle size and the
distribution of hydrocarbon products from the FT synthesis. Also SBA-15 has better
hydro-thermal stability compared to other ordered mesoporous molecular sieves such as
MCM-41, MCM-48, which makes it more suitable for FTs in which water is important
by-product [154].
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Figure 6.1

6.1.1

Schematic representation of pore structure of SBA-15. Perpendicular to zdirection(left), section along the z-direction (right) [155]

TEM and SEM analysis of SBA-15
Figure6.2 showed the typical TEM photos of SBA-15 mesoporous silica

materials. A well-ordered hexagonal array of mesopores can be seen when the electron
beam is parallel to the main axis of the cylindrical pores and the parallel nanotubular
pores can be seen when the electron beam is perpendicular to the main axis [156]. The
TEM images confirmed that the hexagonal crystal structure composed of onedimensional channels. These micrographs also support the idea that the hexagonal array
of SBA-15 materials is highly ordered and stable [157].
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Figure 6.2

TEM images of SBA-15 by the direction of along and perpendicular to the
the main axis

Figure 6.3

SEM images of SBA-15 at low and high magnification

Figure 6.3 showed SEM images of SBA-15 at low and high magnification. The
SEM images reveal that the as-synthesized SBA-15 sample of Figure 6.3 right consists of
many rope-like domains with relatively uniform sizes of 1 μm, which are aggregated into
wheat-like macrostructures as showed in Figure 6.3 left just as described by Zhao et al.
SEM shows that this silica is made of homogeneous grains, both in size and shape.
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6.1.2

N2 adsorption
The N2 adsorption plots displayed the N2 sorption isotherms recorded on Co/SiO2

and Co/SBA-15. A type IV adsorption iso-therm with a H1 hysteresis loop is observed
for both catalysts. The sharpness of the two loops indicates that both silicas have narrow
pore size distributions [158]. The partial pressure related to the onset of the hysteresis
indicates an average mesopore diameter for the silica in Co/SBA-15 smaller than that in

Volume absorbed/cm STP

Co/SiO2 [159].
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Figure 6.4

N2 adsorption plots for Co/SiO2 and Co/SBA-15 catalysts
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6.1.3

H2-TPR
Figure 6.5 shows the H2-TPR profiles of Co/SBA-15 and Co/SiO2.
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Figure 6.5

H2-TPR profiles of Co/SBA-15 and Co/SiO2 catalysts

As shown in Figure 6.5, three peaks were observed for Co/SiO2 while four peaks
were observed for Co/SBA-15. The pure Co3O4 has two reductive peaks [160]. Based on
the literature and on the TPR plots, we associate the main TPR peaks below 400°C to the
reduction of Co3O4 particles that occurs in two steps: step (I) CoIII cations converted to
CoII, step (II) CoII cations converted to Co (m). Khodakov et al [161] have studied the
reduction of oxide particles of different sizes and advised that small cobalt oxide particles
in strong interaction with silica can have higher reduction temperatures. Li et al [162] also
reported that in SBA-15 silicas, silanol groups can interact with cobalt oxide particles and
retard their reduction. Therefore, we conclude variations in size and/or crystallinity of the
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Co3O4 particles most probably explain the observed differences in temperatures. This was
later confirmed by the wide-angle XRD results which was discussed in next part.
Co/SBA-15 catalysts show the fourth small reduction feature at 730-800 °C that indicates
the presence of surface cobalt species with interaction with the SBA-15 support. It was
reported Co2SiO4 formed via the strong interaction of cobalt and SBA-16 support [163].
The N2 adsorption indicated Co/SBA-15 has a smaller average mesopore diameter. This
particle distribution might explain the diﬀerent H2 reducing behavior that was displayed
by the diﬀerent number of H2 reduction peaks shown in TPR plot.
6.1.4

XRD
The wide-angle XRD patterns of Co/SBA-15 and Co/SiO2 catalyst are shown in

Figure 6.6.
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Figure 6.6

Wide-angle XRD results for Co/SiO2 and Co/SBA-15 catalysts

Diffraction peaks at 2θ of 31.3, 36.9, 45.1, 59.4 and 65.4 indicate that after
calcination, cobalt was present in the form of crystalline Co3O4 spinel on all the catalysts
and Co species are highly dispersed. The average Co3O4 particle size was calculated to be
27.1nm for 20Co/SiO2 from the most intense Co3O4 peaks (2θ = 37°) using the Scherrer
equation and considering the sample broadening larger than the instrument broadening
[164]

, while it was calculated to be 14.9 nm for 20Co/SBA-15 catalyst. The smaller Co3O4

particles size indicated better cobalt dispersion for 20Co/SBA-15 than for 20Co/SiO2.
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6.2

Fischer-Tropsch reaction
20Co/SBA-15 catalyst was compared with traditional 20Co/SiO2 catalyst for FT

reaction under same reaction conditions. It is generally accepted that on cobalt catalysts
the active phase for FT synthesis is cobalt metal and that the activities of Co catalysts
depend solely on the number of active sites on the surface [165,166].
As shown in the figure below, both cobalt catalysts in this work show very good
stability for FT synthesis. The CH4, CO2, C2-C3 and C4+ selectivity were almost the
same for both catalysts. However, Co/SBA-15 showed higher CO conversion rate than
Co/SiO2. This may due to the better dispersion for Co/SBA-15 catalyst than for Co/SiO2
catalyst.
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Figure 6.7

FT reaction results on CO conversion for Co/SiO2 and Co/SBA-15
catalysts
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20

FT reaction results on product selectivity for Co/SiO2 and Co/SBA-15
catalysts

Synthesis of Co/SBA-15 catalysts with different SBA-15 pore sizes
Synthesis and characterization of Co-SBA-15 catalysts with different pore
sizes
SBA-15 has ordered pore structure, and the pore size is quite controllable from 3-

30 nm, which makes SBA-15 material suitable for study pore size effects. Zhao et al [167]
successfully prepared SBA-15 with different pore sizes from 3-30 nm through different
aging time and temperature conditions. In this study, SBA-15 mesoporous silica materials
were synthesized with different aging condition in order to get SBA-15 with different
pore sizes. The synthesis conditions were listed in Table 6.1.
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Table 6.1

Aging conditions for the as-synthesized SBA-15
sample
S1
S2
S3
S4

Aging time/h
24
48
24
48

Aging temp/
100
100
120
120

Co-SBA-15 catalysts were obtained by incipient wetness impregnation using
Co(NO3)2·6H2O/ethanol solution. All samples were calcined in air at 450
(heating rate 1 /min). All catalysts were reduced with H2 in situ at 400

for 6h
(heating rate

1 /min) for 4h before reaction.
6.3.1.1

N2 adsorption
The N2 adsorption-desorption isotherms and pore size distributions of the

catalysts are shown in Figure 6.9. Three well distinguished regions of the adsorption
isotherm are evident: (i) monolayer-multilayer adsorption, (ii) capillary condensation,
and (iii) multilayer adsorption on the outer particle surfaces. A type IV adsorption isotherm with a H1 hysteresis loop is observed for Co/SBA-15 catalyst. The capillary
condensation occurs at a higher relative pressure (P/P0 ; 0.75), Since the capillary
condensation pressure is an increasing function of the pore diameter [168], the rightshifting of the SBA-15 supported Co catalysts confirmed that the pore size of assynthesized SBA-15 had an increasing order of sample S1, S2, S3, and S4. On the other
hand, the pore size character didn’t change much after the impregnation of Co also
indicated that the Co particles mainly located outside the SBA-15 pore channels.
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Figure 6.9

N2 adsorption-desorption isotherms of Co supported on SBA-15 with
different pore sizes

The pore size distribution of Co supported on SBA-15 was shown in Figure 6.10.
The sharpness of loops indicates all Co/SBA-15 catalysts have narrow pore size
distributions. The catalysts obtained at 120
catalysts obtained at 100

have narrower pore size distributions than

, which are coherent with N2 adsorption-desorption isotherms.

As shown in Table 6.2, SBA-15 loaded with 20% Co show different average diameters
from 5 to 10 nm. The pore volume increased with increasing average pore diameter,
while the surface area of catalyst decreased with increasing average pore diameter.
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Table 6.2

Pore size distribution of the catalysts

Brunauer-Emmett-Teller (BET) surface areas, pore volumes, and average
pore diameters of the catalysts.

Sample

Surface Area/m2 g-1

Pore
diameter/nm

Pore Volume/cm3g-1

S1

457.500

4.935

0.719

S2

455.593

6.514

0.802

S3

395.876

7.856

0.853

S4

353.702

9.705

0.900

6.3.1.2

H2-TPR analysis
H2-TPR can provide fingerprint of the redox properties of catalyst, which can be

used to study the reduction behavior, the metal-support interaction, and so on. The H275

TPR profiles of Co/SBA-15 catalysts with different pore sizes were shown in Figure
6.11.
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Figure 6.11

H2-TPR profiles of Co/SBA-15 samples with different pore sizes

The TPR profiles have been normalized per weight of cobalt in the catalyst to
facilitate the discussion. The main peak at about 360~390

was observed, which is due

to the reduction of Co3O4 to CoO, and subsequently to metallic Co. Besides the main
peak, two broad reduction features in the temperature range of 480~600
600~850

and

were also observed, suggesting the presence of surface Co species with

different degrees of interaction with the support. As the pore size increases, the broad
peak shifted to the left, and the relative contribution of species reducing at the high
temperature (600~850 ) to the overall reduction pattern decreased, which indicate a
lower strength of interaction between Co species and support.
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6.3.1.3

XRD analysis
Figure 6.12 showed the small-angle XRD patterns of Co/SBA-15 catalysts with

Intensity/counts

different pore sizes.
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Figure 6.12

Small-angle XRD pattern of Co/SBA-15 catalyst with different pore sizes

The XRD patterns showed intense diffraction peaks at 2θ = 0.7°, which is
characteristic of the hexagonal (p6mm) mesoporous structure. This reflects the ordered
structure of SBA-15 were still kept after impregnation of cobalt. When the time of postsynthesis increased, the peak became broader.
The high-angle XRD patterns for Co/SBA-15 catalysts with different pore sizes
were displayed in Figure 6.13.
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Figure 6.13

High-angle XRD patterns of the catalysts

The high-angle XRD patterns for the catalysts are shown in Figure 6.13.
Diffraction peaks at 2θ=31.3, 36.9, 45.1, 59.4, and 65.48 showed that cobalt is present in
the form of Co3O4 crystalline phase [169] after calcination at 450 . The average cobalt
particle size was calculated from Scherrer equation with use of the most intense reflection
peak at 2θ = 36.9 (see Table 6.3) [170], which indicates that the average crystallite size of
cobalt particles increases as pore size of SBA-15 increases.
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Table 6.3

Average crystalline size of Co3O4 estimated by XRD method
pore-size/nm
4.935

DCo3O4/nm[a]
10.5

DCo/nm[b]
7.9

S2

6.514

13.8

10.4

S3

7.856

15

11.3

sample
S1

S4
9.705
16
12.0
Note: [a]Average crystalline size of Co3O4 calculated from the Scherrer equation; [b]
Average cobalt particle size estimated from the corresponding DCo3O4 by applying the
molar volume correction: DCo=(3/4)DCo3O4.
6.3.1.4

TEM
TEM images of 20% loaded Co/SBA-15 catalysts (before reduction in H2) were

shown in Figure 6.14.

S1

S2

S3
Figure 6.14

S4

TEM images of calcined 20%Co/SBA-15 catalysts
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Images showed the highly ordered hexagonal arrangement of the channels along
the direction parallel to the c axis. The SBA-15-type structure was clearly maintained
after cobalt impregnation and calcination. The TEM images also showed that the Co
particles (before reduction by H2) were evenly distributed outside the pore channels of
SBA-15.

Figure 6.15

HRTEM images of 20%Co/SBA-15 catalyst

The HRTEM image further confirms that cobalt is present in the form of Co3O4
crystalline phase after calcination. Also a set of {220} planes with a square crossing
lattice space of 0.287 nm and a set of {400} planes lattice space of 0.208 nm were
observed for Co3O4.
6.3.2

Catalytic test for Fischer-Tropsch synthesis
The effect of temperature for the four catalysts was investigated from 215 to 265

. The results were listed in figures as shown below.
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Effect of temperature on CO conversion and product selectivity, catalyst S3
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Figure 6.18

Effect of temperature on CO conversion and product selectivity, catalyst S4

Figure 6.16, 6.17, 6.18 showed results for temperature effect on Co/SBA-15
catalyst with different pore sizes. All Co/SBA-15 catalysts exhibited low CO2 selectivity
and high C4+ hydrocarbon selectivity (~80%), which can be attributed to the pore
arrangement of SBA-15. The variation of pore size in 4.9-10 nm has no obvious effect on
CO conversion and C4+ selectivity. The results show that the temperature has significant
effect on CO conversion for all three catalysts with different pore sizes. As expected, and
increase in reaction temperature let to a decrease in C4+ selectivity and an increase in
methane selectivity [171], and the effect of reaction temperature on CH4 selectivity was
similar for all three catalysts. According to the characterization, the destroyed of
mesoporous structure of silica and formation of CoSiO3 spinel for the Co/SBA-15 sample
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influences the catalytic activity and selectivity. The better performance of the catalysts in
C4+ selectivity is thought to be in lower temperature, i.e. 214-245 .
6.4

Preparation and characterization of Co/SBA-15 with different loading
Co/SBA-15 catalysts with different Co loading (ca. 10-30wt%) were prepared by

equal volume impregnation using a solution of cobalt(II) nitrate (Alpha, 98.9% purity)
dissolved in ethanol in slightly excess with respect to the pore volume of the SBA-15
support followed by slow evaporation in vacuum oven under 50 °C until dryness. The
dried sample were calcined at 450 °C for 6 hours with heating rate of 1 °C/min under air
flow. Co/SBA-15 samples containing 10% Co and 20% Co were prepared through one
step impregnation, and 30% Co were prepared through two steps impregnation. These
samples were denoted as xCoSBA, where x is the nominal Co content (in weight
percent).
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Figure 6.19

N2 adsorption plots for Co/SBA-15 catalysts with different Co loadings

Figure 6.19 showed the N2 adsorption plots for SBA-15 support and Co/SBA-15
catalysts with different Co loadings. The left-shifting of the SBA-15 supported Co
catalysts compared with the SBA-15 support indicated that the pore size of SBA-15
decreased with the increasing Co loading. The observed type IV adsorption iso-therm
with a H1 hysteresis loop for all three catalysts also indicated that the ordered
mesoporous structure of SBA-15 were well reserved after impregnation of Co.
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Table 6.4

sample

Brunauer-Emmett-Teller (BET) surface areas, pore volumes, and average
pore diameters of the catalysts.
Surface Area/m2 g-1

pore
diameter/nm

Pore Volume/cm3g-1

Table 6.4 (Continued)
SBA-15

460

8.028

1.850

10CoSBA

407

7.831

1.623

20CoSBA

384

7.247

1.718

30CoSBA

359

7.082

1.362

The decrease in the SBET surface area of Co-SBA-15 compared to SBA-15 is due
to the doping of Co on the pores of mesoporous silica SBA-15. As Co loading increases,
the SBET surface area decreases. The impregnation of cobalt led to a decrease in total pore
volume of the SBA-15 support also suggested that some of Co particles were located
inside the pore channels.
6.4.2

H2-TPR
The H2-TPR profiles of Co/SBA-15 catalysts with different Co loadings are

shown in Figure 6.20.
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Figure 6.20

H2-TPR profiles for Co/SBA-15 catalysts with different Co loadings

As indicated in Figure 6.20 , the reduction temperature of Co/SBA-15 catalysts
increased from 365 °C to 405 °C as Co loading increased from 10% to 20%, and then
slightly decreased from 405 °C to 393 °C as Co loading increased from 20% to 30%.
It was reported that pure Co3O4 has two reductive peaks at 300°C and 410°C,
which correspond to the reductions of Co3O4 to CoO and CoO to Co(m), respectively
[172]

. However, three reduction peaks were observed in Co/SBA-15 H2-TPR profiles

catalysts. The shifting of peaks of Co/SBA-15 catalysts to lower temperature, showing
that the reduction of CoO to Co(m) was improved due to the dispersion effect of SBA-15
support on cobalt oxides. The peaks at ~200 °C were attributed to the reduction of Co3O4
to CoO, while and 350-400°C were assigned to the reductions of CoO to Co(m). The
peaks in high temperature range (750-800°C) indicated an enhanced interaction between
cobalt species and SBA-15, and the interaction became stronger when Co loading was
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smaller. It was reported Co2SiO4 formed via the strong interaction of cobalt and SBA-16
support which was a kind of cubic ordered mesoporous silica material [173]. The Co-Si
compound content increased with the decreasing in Co loading which may due to the
smaller particle size for lower Co loading.
6.4.3

XRD
The low-angle XRD patterns of Co/SBA-15 catalysts with different Co loadings

are show in Figure 6.21.
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Figure 6.21

Low-angle XRD files of SBA-15 and Co/SBA-15 with different Co
loadings
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The nearly unchanged intensities of the X-ray peak with increasing amounts of
the cobalt oxide suggested that cobalt species were mainly distributed outside the pores.
The peak became broader when cobalt species loading was low (10%) indicate that at low
loading, some of the cobalt species may distribute inside the pores, causing the
destructive interferences.
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Table 6.5

High angle XRD patterns of catalysts

Particle size estimated by Scherrer equation
sample
10%Co/SBA-15
20%Co/SBA-15
30%Co/SBA-15

DCo3O4/nm
13.3
14.9
20.6
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DCo/nm
10.0
11.2
15.5

Shown in Figure 6.22 are the wide-angle XRD patterns of Co/SBA-15 catalysts.
The broad diffraction peak around 2θ of 23° with low intensity is due to the diffuse
dispersion of siliceous materials caused by the lack of long-range order of Si atoms
located in the pore walls [174]. The diffraction peaks at 19.1°, 31.3°, 36.9°, 45.1°, 59.4°
and 65.2° correspond to the face-centered spinel Co3O4 indicating the main cobalt species
was Co3O4 crystalline [175]. These diffraction peaks became narrow with the cobalt
loading, suggesting an increase of the mean Co3O4 crystallite size.
Table 6.5 lists the average crystallite sizes estimated by the Scherrer equation.
The crystallite diameter increases with increasing cobalt loading. It should be noted that
the average crystallite sizes is larger than the average pore diameter of SBA-15. This
indicates that most of the Co3O4 particles disperse on the external surface of SBA-15
supports.
6.4.4

Fischer-Tropsch experiments
Effect of temperature were investigated from 215 °C to 265 °C for Co/SBA-15

catalysts with different Co loadings.
As indicated in Figure 6.23, 6.24, and 6.25, all Co/SBA-15 catalysts exhibited low
C1 (CH4 and CO2) selectivity and high C4+ hydrocarbon selectivity. This can be
attributed to the 2D ordered hexganal pore arrangement of SBA-15, which causes that the
formed olefins possibly occurs secondary reactions through the chain-growth mechanism.
The CO conversion increases as temperature increases for all three Co/SBA-15
catalysts with different Co loadings. CO2 selectivity and CH4 selectivity increased with
increasing temperature. However, the C4+ selectivity decreased with rising temperature.
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Effect of temperature on CO conversion and product selectivity, Co loading
30wt%

Figure 6.26 and 6.27 showed the effect of temperature on the CO conversion and
C4+ selectivity for Co/SBA-15 catalysts with different Co loadings. The CO conversion
increased with the increase of cobalt loading from 10% to 30%. The 30Co/SBA-15 gave
the highest CO conversion. This trend confirmed that the activity of Co/SBA-15 was
proportional to the concentration of surface Co(m).
The C4+ hydrocarbon selectivity decreased with increasing Co loading, indicating
that the longer chain carbons were generated through secondary reactions [176]. The
dispersion of cobalt species decreased with increasing Co loading due to the formation of
large cobalt clusters. This agrees well with the decrease in C4+ hydrocarbon selectivity,
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suggesting that the large cobalt clusters on the surface are favorable for formation of
short-chain hydrocarbons.
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Effect of temperature on CO conversion for Co/SBA-15 catalysts with
different Co loadings
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6.5

Effect of temperature on C4+ selectivity for Co/SBA-15 catalysts with
different Co loadings

Life test for 20Co/SBA-15 catalyst
20Co/SBA-15 catalyst was tested over 100 hours to investigate the life-time

activity of the catalyst. The results were shown in Figure 6.28.
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Time-on-steam FT reaction results on CO conversion and product
selectivity for 20Co/SBA-15 catalysts

Figure 6.28 illustrates the effects of TOS on the syngas conversion and product
selectivity at 235 . Initially, 12h after introducing the feed to the reactor, the overall
conversion of CO and H2 was about 20%. Then after 20 h on stream, a constant value
was achieved. The overall conversion 20 h after introducing the feed to the reactor was
~10 mol%. Selectivity towards C4+ was 72% after 20 hrs and showed a little increase to
75% after 60hrs. Selectivity towards CO2 and C2-C3 were very low and kept slowly
decreasing during 100 hrs. Overall, the 20Co/SBA-15 catalyst performed good stability
and product selectivity over a 100 h time period, and should be kept active even for
longer time period.
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CHAPTER VII
CONCLUSIONS

Both self-supported and metal oxide supported cobalt catalysts were prepared and
investigated in Fisher-Tropsch reactions. The catalysts were characterized by TPR,
adsorption-desorption, XRD, TEM and SEM. The gas products were characterized by
GC.
(1) The mono-dispersed PMMA was synthesized and used successfully as
a template for preparation of 3D ordered macro-porous (3DOM) catalysts.
(2)The self-supported 3DOM Fe-Co and self-supported 2D meso-porous
Co catalyst showed low or no activity for these structures were not stable under
typical FT reaction conditions.
(3) The 3DOM Co/Al2O3 showed a much higher CO conversion and C4+
selectivity than conventional Co/γ-Al2O3 catalyst. The activity and C4+ selectivity
of 3DOM Co/Al2O3 kept at high values while Co/γ-Al2O3 showed an obvious
decrease in 45hrs. H2-TPR profiles proved the 3DOM Co/Al2O3 has easily
reduced Co active sites.
(4) 3DOM Co/Al2O3 prepared with incipient wetness method was active
for FTs, while the in-situ incorporation method led to sample that was inactive for
FTs.
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(5) The supported Co/SBA-15 showed a higher CO conversion than the
conventional Co/SiO2. The Co/SBA-15 kept highly active during 100hrs. The
C4+ selectivity was 72% after 20 hrs and showed a little increase to 75% after
60hrs. The selectivity towards CO2 and C2-C3 were very low and kept decreasing
during 100 hrs. The variation of pore size in 4.9-10nm had no obvious effect on
CO conversion and C4+ selectivity.
(6) The CO conversion increased with Co loading. However, the
dispersion of cobalt species decreased with increasing Co loading due to the
formation of large cobalt clusters. This agrees well with the decrease in C4+
hydrocarbon selectivity.
(7) The well-defined structure of 3D ordered macro-porous Al2O3 and 2D
hexagonal ordered SBA-15 contribute the formation of longer-chain
hydrocarbons.
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